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A first-principles calculation of the recently discovered interatomic multiatom resonant photoemission
(MARPE) effect is presented. In this phenomenon, core photoelectron intensities are enhanced when the
photon energy is tuned to a core-level absorption edge of nonidentical neighboring atoms, thus enabling
direct determination of near-neighbor atomic identities. Both the multiatom character of MARPE and
retardation effects in the photon and electron interactions in the resonant channel are shown to be
crucial. Measured peak-intensity enhancements of 40% in MnO and spectral shapes similar to the
corresponding x-ray absorption profiles are well reproduced by this theory. [S0031-9007(99)09098-5]












entIn a recent experimental development, interatomic mu
tiatom resonant photoemission (MARPE) has been sho
by Kay et al. [1] to provide a new method for determining
near-neighbor atomic identities in solids. In the specifi
example to be considered here, the measured intensity
O 1s photoelectrons coming from a single crystal of MnO
exhibits significant enhancements when the photon ene
is tuned to the2p!3d absorption resonances of Mn. In
particular, there is an increase in the O1s peak intensity
at the Mn2p3y2 edge of 40% [1]. Similar results have
been seen in other metal oxides [1].
In a first discussion of the theory of MARPE [1],
the conventional model used to describe the well-know
intra-atomic single-atom resonant photoemission (SARP
[2–5] has been generalized to apply to MARPE. Ph
toemission is assumed to occur via absorption of a sin
photon and two different channels that leave the crys
in exactly the same final quantum state, and thus have
be added coherently: the direct emission channel in wh
an O1s electron absorbs a photon and the resonant em
sion channel that is assisted by the Mn2p!Mn 3d reso-
nance, as illustrated in Fig. 1(a). In the resonant chann
the photon promotes a Mn2p electron to a Mn3d state,
from which it decays instantaneously to refill the Mn2p
hole, while exciting the O1s electron to the continuum.
This decay can also be termed an interatomic autoioni
tion process (AI), and it is thus closely related to the mu
weaker interatomic Auger processes reported previou
[6–8]. Resonant processes must be summed cohere
over several Mn neighbors of the emitter [see Fig. 1(b
A first estimate from such a theoretical treatment gives
energy-integrated effect of 2.5%, or about 4 times less th
the 11% of experiment [1]. This analysis also suggest
that the influence of a given resonating atom should die
as roughly1yR3, if R is the distance from emitter to this
atom. However, the model used previously did not pe
mit treating the precise many-electron states and energ


























enhancements as a function of energy. This model w
also too simplified as to the electromagnetic interactio
involved. The present paper thus presents a significan
more quantitative first-principles approach to the theo
MARPE that yields very good agreement with exper
ment in most respects and permits further assessing
systematics of this new phenomenon. In particular, man
electron configuration interaction states are used to d
scribe the Mn2p!Mn 3d excitation, retarded effects in
FIG. 1. Schematic representation of multiatom resonant ph
toemission (MARPE) in MnO. (a) O1s photoemission takes
place via two different interfering channels: direct emissio
(thin solid arrow) and emission assisted by the excitatio
of Mn 2p!Mn 3d (thick solid arrow) with subsequent inter-
atomic autoionization (broken arrows) due to electron-electr
interaction (dashed line). (b) The resonance involves coher
addition over several Mn sites in the solid situated atRj with
respect to O.© 1999 The American Physical Society



















tephoton excitation and autoionization are included, and t
distance dependence of the effect is assessed in m
detail.
We begin with a muffin-tin model for which all final-
state photoelectron scattering is neglected, with su











where k is its wave vector,f0ksrd is its wave function
at the detector,Ylm is a spherical harmonic,h
s1d
l skrd is a
spherical Hankel function, and
MElm ­ kElm, O 1sjT jgl (2)
is the matrix element describing the transition from th
many body ground statejgl to the final state with a
photoelectronjElml of energy E ­ h̄2k2y2m and an
O 1s hole. The transition matrixT is given by [5]
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where V 0rad is the interaction of the radiation with the
emitter,V
j
rad is this interaction with the resonating atomj,
V
j
AI is the autoionization interaction between the emitt
and atomj, Eg is the ground state energy, and the sum
are over both Mn neighborsj and their intermediate many
body statesjm, jl of energyEm and widthGm.
Relativistic retardation effects are significant in th
present context due to a combination of relatively lar
photon energies̄hv (ø 640 eV for Mn 2p!Mn 3d in
MnO) and the interatomic character of the AI process. F
example, the phase change experienced by such a ph
which has traveled across the nearest-neighbor O-Mn d
tanced ­ 2.23 Å is vdyc ø 42± in MnO. As a conse-
quence, the dipole approximation will be valid only withi
the extension of each atomic orbital, but different pha
factors have to be included for different atoms, so that
V
j
rad ­ A r ? $e e
ikhn?Rj ­ A r
X
l
Y1lsr̂del eikhn?Rj , (4)
whereRj is the position of atomj relative to the emitter,
khn is the wave vector of the light,$e is its polarization
vector with componentsel, r is the electron coordinate
relative to the atom nucleus, andA is a normalization
constant.
Similarly, the autoionization interactionV
j
AI requires
going beyond the usuale2yR description used in SARPE
[5]. The fully relativistic Møller formula used previously
in high-energy Auger theory [9] has been adopted for t



















jRj 1 r2 2 r1j
eikhn jRj1r22r1js1 2 k2hnr1 ? r2d
(5)
describes the interaction between electron 1 of coordin
r1 relative to the O emitter and electron 2 of coordina
r2 relative to thejth resonating Mn atom. The first term
inside the parentheses describes the retarded intera
of the two electron densities, whereas the second~r1 ? r2
accounts for the retarded interaction of the two curre
associated with the transition [9,10].
A multipole expansion of Eq. (5) that should be valid f
r1, r2 ø Rj (i.e., for atoms other than nearest neighbo
has been performed. Only dipole-dipole terms have b
retained, since this analysis shows that higher-order c
tributions account for less than 5% of the total interactio











1m2 sr̂2d , (6)
whereB
j
m1m2 are second-order polynomials inkhnRj .
Inserting Eqs. (3), (4), and (6) into Eq. (2), and focu
ing on the MnO case discussed above, one finds













where the magnitude of the resonance is dictated b














h̄v 1 Eg 2 Em 1 iGmy2
. (9)
The dependence of the intermediate states onj has been
dropped, since they have been approximated by th
uniform bulk form, thus neglecting surface effects. T
one-electron radial matrix element of O1s photoemission
appears as an overall factor in Eq. (7), so that it is n
relevant to the relative magnitude of MARPE.
The polarizabilityam2l has been obtained using a co
figuration interaction scheme for a central Mn21 ion sur-
rounded by six O22 ions in an octahedral cluster, as us
in prior SARPE analyses (see Ref. [5] for further d
tails). Thus, the polarization of nearest-neighbor electro
charge around intermediate states with a Mn2p hole is
accurately included. The widthsGm, coming from domi-
nant intra-atomic Coster-Kronig decay of the intermedia4127














states, have been taken to be constant (ø0.5 eV). More-
over, an average over orientations of Mn magnetic m
ments has been performed, since the experiment was d
above the MnO Néel temperature, and thus,am2l can
be approximated by the average quantityadm2l, where
a ­ sa2121 1 a00 1 a11dy3. The calculated x-ray ab-
sorption profile, given byImhaj, is in good agreement with
experiment [11], as shown in Fig. 2(a). In addition,Rehaj
shows characteristic sign variations around the resonan
and agrees excellently with a Kronig-Kramers analysis
the experimental absorption coefficient [1].
A small imaginary part has been added to the phot




AI to account for inelas-
tic attenuation of the incoming radiation at the Mn2p
edge. This is related to the polarizability viakhn ­ s1 1
2pnadvyc [2], wheren is the density of Mn sites, and it
yields an attenuation length ofø148 Å at the Mn2p3y2
resonance maximum in MnO, in reasonable agreem
with values inferred from experiment [1].
Multiple scattering effects on the photoelectron hav
finally been incorporated using an exact Green-functi
cluster formalism [12]. UsingMElm as input, the photo-
electron wave functionfksrd is constructed in the far-field
r ! ` limit as the superposition of spherical outgoing d
rect and scattered waves like those of Eq. (1) and cente
around various atoms (emitter plus scatterers). Clusters
153 atoms distributed over 5 layers have been used, w
an electron inelastic mean free path of 4 Å and an inner p
tential of 25 eV [1,13]. Emitters situated in the first 5 lay
ers have been summed over, with the MARPE summat
over Mn sites in Eq. (8) being performed for the full sem
infinite solid using methods described elsewhere [14,15
The results of our calculations of the MARPE effec
for two different measurement geometries are shown
Figs. 2(b) and 2(c). Plotted is the quantityI I0, where
I is the actual O1s intensity andI0 is the nonresonant
background under it. Curves are shown for both a fu
sum over all Mn atoms, and a sum limited to a dis
tance ofhd ­ 10d ­ 22 Å from the emitter. The pre-
dicted enhancements follow quite closely the shape of t
x-ray absorption profile, showing little evidence of th
constructive-destructive interference patterns that are
ten seen in so-called Fano profiles [2], in agreement w
experiment [1]. In general, the limited sum agrees bet
with experiment as to both peak positions and intensitie
suggesting an effectively more rapid convergence w
distance in experiment. In magnitude, there is also exc
lent agreement for the geometry in Fig. 2(b) for an x-ra
incidence angle of20±, although in Fig. 2(c) the principal
Mn 2p3y2 peak is predicted to be too weak by a facto
of 2 for an incidence angle of40±. The possible reasons
for this discrepancy are inaccuracies in our treatment
nearest-neighbor effects and the O1s hole state, multiple
scattering, and resultant phase averaging and screenin
the interaction (much enhanced at the resonance), and


































FIG. 2. (a) Real (dashed curve) and imaginary (solid curv
parts of the average polarizability of Mn21 in MnO, calculated
using a configuration interaction scheme [5], as compared w
the experimental absorption coefficient [11] and its Kronig
Kramers transformation (dotted curves). (b) Enhancement
the O1s photoelectron intensity emitted along the normal o
a MnO(001) surface illuminated with linearly polarized ligh
incident at an angle of20± with respect to the surface. The
polarization vector$e lies in the plane containingf100g and
f001g. The experimental result [1] (dotted curve) is compare
with theoretical curves for a full sum over all Mn atoms in
each plane (solid curve,h ­ `) and for a sum only out to
10 nearest-neighbor distances (dashed curve,h ­ 10). (c) The
same as (b) for an incidence angle of40±.
Results obtained using different approximations toV
j
AI
are illustrated in Fig. 3(a). The nonretarded approx





[Eqs. (4) and (5)] gives a sizable result (dash-dott
curve), yet significantly lower in magnitude than the me
sured effect and of different shape. The results obtain
using the full Møller expression (solid curve) are ver
similar to those obtained by keeping only the secon
t rm inside the parentheses of Eq. (5) (dashed curve­
“current-current” approximation), so thatV
j
AI ~ r1 ? r2,



























FIG. 3. (a) MARPE enhancement in O1s photoemission
from MnO calculated under the same conditions as in Fig. 2(
and using different approximations to the full theory (soli
curve): current-current approximation to the electron-electr
interaction, consisting in neglecting the first term inside th
parentheses of Eq. (5) (dashed curve); result of neglecting
squared termjFaj2 in Eq. (10) (dotted curve); and nonretarde
approximation (dash-dotted curve). (b) MARPE enhanceme
of O 1s photoemission arising in spheres centered on emitt
summed over different layers up to the5th, under the same
conditions as in Fig. 2(b). Only Mn sites closer to the emitte
thanhd, whered is the nearest-neighbor distance, are include
in the summation over Mn sites in Eq. (8). The result for a fu
sum over all atoms in each plane is also shown.
and therefore,Fm1m2 ø F dm1m2, from which the photo-
electron intensity reduces to
I ~ j1 2 Faj2 ­ 1 2 2 RehFaj 1 jFaj2.
Actually, jFaj2 ø 1, as shown in Fig. 3(a) by the dotted
curve, which neglects that term. Moreover, the curren
current interaction providesF with a relatively large
imaginary part, implying that the MARPE enhanceme
is actually proportional toImhaj, that is, to the x-ray
absorption spectrum, in agreement with experiment.
Finally, an estimate of the range of interatomic dis
tances involved in MARPE is shown in Fig. 3(b). Th
degree of enhancement is shown as a function of a rad
cutoff in Rj of h (in units of the O-Mn nearest-neighbo
distanced), with intensities summed over emitters in th



















Mn atoms withinhd of each emitter are included. Near
est and next-nearest neighbors are seen to be capab
producing a sizable fraction of,15% of the effect, with
nearly full convergence being reached at abouth ­ 10
(i.e., 22 Å away), which in view of our approximations
is probably a realistic estimate of the maximum MARP
range in MnO. The falloff in influence of resonatin
atoms is found to vary roughly as1yR2 for small dis-
tances, and much more rapidly for larger distances.
In summary, the theory of MARPE presented here h
permitted explaining both the magnitude of the effect a
the shape of the resonance enhancement. It has also
shown that retardation effects are relevant in the und
standing of the phenomenon, owing to a combination
relatively large transition energies and interatomic d
tances. The interatomic autoionization decay is domina
by the interaction between the dipole currents induced
each of the atoms. The range of the effect has also b
estimated more quantitatively. Future calculations w
more accurate treatment of some of our approximatio
should improve the description of MARPE and further a
sist with various applications of this new phenomenon.
Discussions with E. Arenholz, A. Kay, S. Hüfne
S. Mun, and A. Tanaka are gratefully acknowledge
This work was supported by the U.S. Department
Energy, under Contract No. DE-AC03-76SF00098, t
University of the Basque Country, and the Spani
Ministerio de Educación y Cultura (Fulbright Gran
No. FU-98-22726216).
[1] A. Kay et al., Science281, 679 (1998).
[2] U. Fano and J. W. Cooper, Rev. Mod. Phys.40, 441
(1968).
[3] M. O. Krause, T. A. Carlson, and A. Fahlman, Phys. Re
A 30, 1316 (1984).
[4] L. J. Garvin, E. R. Brown, S. L. Carter, and H. P. Kelly
J. Phys. B16, L269 (1983).
[5] A. Tanaka and T. Jo, J. Phys. Soc. Jpn.63, 2788 (1994).
[6] P. H. Citrin, J. Electron. Spectrosc. Relat. Phenom.5, 273
(1974).
[7] E. Jensenet al., Phys. Rev. B41, 12 468 (1990).
[8] G. K. Wertheim, J. E. Rowe, D. N. E. Buchanan, and P.
Citrin, Phys. Rev. B51, 13 669 (1995).
[9] N. F. Mott and I. N. Sneddon,Wave Mechanics and Its
Applications(Oxford University Press, London, 1948).
[10] J. P. Desclaux, inRelativistic Effects in Atoms, Molecules
and Solids,edited by G. L. Malli (Plenum Press, New
York, 1981), pp. 115–143.
[11] S. M. Butorinet al., Phys. Rev. B54, 4405 (1996).
[12] F. J. Garcı´a de Abajo (to be published).
[13] B. Hermsmeieret al., Phys. Rev. B42, 11895 (1990).
[14] K. Kambe, Z. Naturforsch. A22, 1280 (1968).
[15] J. B. Pendry,Low Energy Electron Diffraction(Academic
Press, London, 1974).4129
